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[57] ABSTRACT

An alpha/beta titanium alloy having improved fatigue
crack growth resistance can be prepared through a
thermomechanical process using a three-step thermal
treatment. The first step includes a heat up and hold at
a temperature above the beta transition temperature,
while the second step is a stabilization treatment which
includes a heat up and hold below the beta transition
temperature, in the alpha/beta range. The third thermal
treatment 1S an aging treatment. The invention is partic-
ularly useful 1n preparing forged parts for aircraft.

10 Claims, 1 Drawing Sheet




U.S. Patent Mar. 21, 1995 5,399,212

e

Y

- ¥
it

v -{-\.‘C'h_ hl: -
“:m. -i ol .
R
R
i,

.\ -_.-.- ﬁ ‘. 3 i a ) .
A - y P Tty
o ; . . Y :

. . o l et .. N - e - . - - o) . .. e . . L E R P T Y PO ] - .- - -
¢ pol : : A ._ . : R _ B e e e el N un e
. oy - f‘.:_ et B [ = Ty e |

S T T
et e S,
o e




5,399,212

1

HIGH STRENGTH TITANIUM-ALUMINUM
ALLOY HAVING IMPROVED FATIGUE CRACK
GROWTH RESISTANCE

BACKGROUND OF THE INVENTION

‘The present invention is directed to the production of
a high durability titanium alloy useful for producing
structural components for aircraft. Particularly, the
present invention is directed to permitting significant
weight reduction for fracture-sensitive aircraft compo-
nents, particularly for high-performance aircraft,
through the use of a highly fracture-resistant, high
strength to density ratio titanium alloy. The high frac-
ture resistance permits a damage-tolerant design ap-
proach. The high strength to density ratio will provide
weight savings, with improved thrust to weight ratio
and specific fuel consumption, with readily apparent
benefits for takeoffs and landings and in aircraft flight
range.

One alloy which has been widely used for structural
aircraft application is a Ti-6A1-4V alloy. However, this
alloy has not been completely satisfactory, particularly
with respect to tensile strength. A possible replacement
for the Ti-6Al1-4V alloy is a titanium alloy containing (in
weight percent) 6% Al, 2% Sn, 2% Zr, 2% Mo, 2% Cr
and 0.23% Si (Ti-6-22-22S), which has good tensile
strength. However, this alloy Ti-6-22-22S, under con-
ventional alpha/beta processing conditions, generally
has a disadvantage of low fatigue crack growth resis-
tance. It 1s therefore an object of the present invention
to improve the fatigue crack growth resistance of tita-
nium alloys containing Al, Sn, Zr, Mo, Cr and Si.

Heat treatment of titanium alloys, such as annealing,
solution treating and aging, may affect various proper-
ties of the alloy. Titanium alloys have a microstructure
which ncludes a close-packed hexagonal structure (the
alpha phase), which may change to a body-centered
cubic structure (the beta phase) at a temperature known
as the beta transition temperature or Tg. The beta tran-
sition temperature for any given alloy is easily deter-
mined experimentally.

Some alloying agents are alpha stabilizers, and raise
the beta transition temperature. Oxygen and aluminum
are examples of alpha stabilizers. Other alloying agents,
such as manganese, chromium, iron, molybdenum, va-
nadium and niobium, lower the beta transition tempera-
ture, and may result in retention of some beta phase at
room temperature. Other alloying elements, such as
zirconium and tin, have relatively little effect on the
beta tramsition temperature. Some titanium alloys are
two-phase alloys containing both alpha and beta phases
at room temperatures. While the two-phase alloys are
the most versatile of the titanium alloys, different heat
treatments will be applied to different alloys for differ-
ent purposes.

SUMMARY OF THE INVENTION

The invention is directed to a process which im-
proves the properties of alpha/beta titanium alloys. The
alloy 1s processed using standard multiple step alpha/-
beta forging, followed by a two-step beta-solution and
alpha/beta stabilization treatment, followed by standard
aging. The present invention also provides forged parts
of an alpha/beta titanium alloy, such as an alloy having
aluminum, tin, zirconium, molybdenum, chromium and
silicon as alloying agents, having high strength and
fracture toughness, along with superior fatigcue crack
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2

growth resistance, which is at least equal to that of
beta-annealed Ti-6A1-4V alloy. The alloy has a micro-
structure in which an acicular transformed beta phase is
present 1n an aged beta matrix, possibly with second
generation, very fine alpha phase within the aged beta
matrix and at the interface of the acicular beta phase and
the beta matrix.

BRIEF DESCRIPTION OF THE DRAWINGS

FIGS. 1A-C are 100X photomicrographs of a tita-
nium alloy pancake forging according to the present
invention, taken near the center, the surface and the
edge respectively of the forging.

DETAILED DESCRIPTION OF THE
INVENTION

The present invention provides a low density, high
strength titanium alloy having high fracture toughness
and high fatigue crack growth resistance. The present
invention is directed to alpha/beta titanium alloys, for
example, alloys which include Al, Sn, Zr, Mo, Cr and Si
as alloying agents, particularly the Ti-6-22-22S alloy.
More specifically, the alloy may have the following
composition (amounts expressed in weight percent):
Al-5.25 to 6.25; Sn-1.75 t0 2.25; Zr-1.75 to 2.25; Mo-1.75
to 2.25; Cr-1.75 to 2.25; Si-0.20 to 0.27; Fe-0 to 0.15; O-0
to 0.13; C-0to 0.04; N-0 to 0.03; H-0 to 0.0125; residual
elements-0 to 0.10 each, no more than 0.30 total, remain-
der titantum. The presence of oxygen in the upper
amount of the range recited above can provide in-
creased strength, but amounts above the upper limit
may have a serious effect on toughness.

The alloy of the present invention may be used in the
production of forged parts, particularly thick section
forgings such as aircraft bulkheads, wing carry-through-
structure, landing gear supports and the like. While
Ti-6Al1-4V alloy, beta annealed, may meet the require-
ments for such forgings with respect to fracture tough-

ness and fatigue crack growth rate, this alloy does not
provide adequate tensile strength. The alloys of the

present invention have a fatigue crack growth rate per-
formance at least equal to that of beta-annealed Ti-6Al-
4V alloy, with improved tensile strength.

Along with a fatigue crack growth resistance at least
equal to that of beta-annealed Ti-6A1-4V, the alloys of
the present invention show a tensile yield strength of at
least 135 ksi (kilopounds per square inch), preferably at
least 145-150 ksi. The alloy will show an ultimate
strength of at least 150 ksi, preferably at least 160. The
alloy will show a fracture toughness of at least about 70
ksi.in2, preferably at least 80 ksi.in?. The alloy should
have an elongation at fracture of at least 6%, preferably
10%, and a reduction in area at fracture of at least 10%,
preferably 15%. The beta-annealed Ti-6A1-4V alloy
shows a fatigue crack growth rate of 2.5% 10—6 in/cy-
cle at an applied stress intensity of 20 ksi.in.? and the
present alloys have a rate which is comparable or
lower, e.g. about 2 X 10—6in/cycle at an applied stress of
20 ksi.in2.

The beta transition temperature (Tg) for titanium
alloys is the temperature at the line on the phase dia-
gram for the alloy separating the wholly beta-phase
field from the alpha/beta region where alpha and beta
phases coexist. Tg for a given composition may be de-
termined by holding a series of specimens at different
temperatures for one hour, followed by quenching in
water. The microstructures of the specimens are then
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examined, with those held at temperatures below Tp
showing alpha and beta phases, while those held above
Tp will show a transformed beta structure. The beta
transition temperature for Ti-6-22-22S alloys of the
present invention is about 1735° F., +10°.

The process of preparing forged parts according to
the present invention will now be described. First, billet
stock 1s subjected to a series of forging operations,
which may include preform and finish forging steps.
The forging steps are to include sufficient alpha/beta
working such that recrystallization will occur during
the first stage of the heat treatment, resulting in a more
uniformproduct. A total reduction of at least about
1.4:1, preferably at least 3:1, is used. All forging opera-
tions are carried out at temperatures in the alpha/beta
range, for example about 1625° to 1675° F., i.e., about
Tp —50° F. to —75° F., in the case of Ti-6-22-22S. The
forging processes can be carried out with a heated die,
for example, one heated at about 800° F.

The forging is followed by a three-step thermal treat-
ment, including solution treatment, stabilization and
aging. The forged part can be subjected to cooling, e.g.
fan, still air or oil or water quenching, after the solution
treatment and stabilization. The solution treatment step
is a heat treatment above the beta transition tempera-
ture, for example, about 30° F. to 75° F. above the beta
transition temperature, i.e., about 1785° F. to 1810° F. in
the case of the Ti-6-22-228 alloy. The solution treatment
is carried out for about one-half hour or so at tempera-
ture. The part is then subjected to cooling, preferably
fan air cooling, although still air cooling or oil or water
quenching may also be employed, depending on part
geometries and section sizes. The part is then subjected
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1s then subjected to cooling, preferably still air cooling,
although fan air cooling or oil or water quenching may
be employed.

The solution treatment and stabilization are followed
by a suitable aging step. The part may be air cooled
prior to the aging step. Suitable aging conditions may be
a temperature of about 900° F. to 1050° F. for a time of
6 to 10 hours, preferably about 8 hours. The aging again
is followed by cooling, preferably still air cooling.

The beta solution treatment serves to put all of the
alpha phase present into solution and homogenizes the
composition. The subsequent fast cooling develops a
Widmanstatten transformed beta-type microstructure.
The stabilization treatment may thicken the trans-
formed beta plates. In addition, it may lead to develop-
ment of second generation alpha at the transformed
beta-aged beta interfaces, and creates a more stable
interface. The cooling from stabilization creates a super-
saturation of alpha-stabilizers, and the aging step pro-
duces a very fine second generation alpha in the re-
tained beta matrix.

EXAMPLE

Three-inch diameter bar stock was used in the work
described below. The chemical composition was as
follows: Al-6.0%; Sn-2.2%; Zr-1.8%; Cr-2.1%: Mo-
1.9%; Si-0.16%; 0-0.076%; N-0.01%; C-0.02%: Fe-
0.06%; H-70 ppm.

The three-inch diameter bar stock was forged to a
1.75 inch thick pancake having a 6-inch diameter and
then heat treated. Treatment conditions are shown in
the following table, along with the tensile properties
and fracture toughness.

TABLE 1
_Mechanical Property of the Ti-6-22-22S Pancake Forgings
- Tensile Properties Fract. Toughness
Comparative Prior Preform Finish TYS UTS Kj
Examples Treatment Forging Forging Heat Treatments (ks1) (ksi) % EL % RA (ksi \I in. )
1 None afd at 1675° F.  B-finish 1690° F./1, FAC + 143 161 12 22 823V
at 1790° F. 1000° F./8, AC 144 161 10 18
145 162 10 22
2 None af at 1675° F.  B-finish 1640° F./1, FAC + 140 155 12 23 749V
at 1790° F. 1000° F./8, AC 142 160 10 21
143 159 14 20
3 None af at 1675° F.  B-finish 1690° F./1, FAC + 142 160 10 21 798V
at 1825° F. 1000° F./8, AC 145 161 11 20
148 165 15 21
4 af3-upset - B-preform a B-finish 1690° F./1, FAC + 148 161 12 22 532V
Redraw (300/0) at 1790° F. (50%) 1000° F./8, AC 147 162 12 22
154 164 12 32
5 af-upset -+ B-preform aS-finish 1690° F./1, FAC + 147 160 11 23 6161V
Redraw (300/0) at 1790° F. (25%) 1000° F./8, AC 150 163 12 23
150 163 12 29
6 af-upset + B-preform B-finish 1690° F./1, FAC + 145 162 9 13 7411V
Redraw (300/0) (50%) 1000° F./8, AC 146 163 10 15
147 163 12 18
7 None af3-preform af3-finish 1785° F./1/2FAC + 137 159 11 18 684V
(50%) (50%) 1000° F./8, AC 139 161 10 18
140 162 10 9
Example 1 None af3-preform af3-finish 1785° F./1/2 FAC 4+ 139 159 10 19 715V
(50%) (50%) 1640° F./1, AC + 141 159 11 18
1000/8, AC 141 158 10 15

W

to a second, alpha/beta stabilization treatment, for ex-
ample at a temperature of about 30° F. to 90° F. below
the beta transition temperature, i.e., about 1645° F. to
1685° F. in the case of the Ti-6-22-22S alloy. This is
carried out for about one hour at temperature, i.e.,
about 45 min. to 2 hours. These and other heating steps
may be carried out in a vacuum furnace or under an
inert atmosphere if necessary to prevent undesirable
absorption of oxygen or nitrogen by the alloy. The part

60

It can be seen that Comparative Examples 1-3 in-
volve alpha/beta preform forging, beta finish forging
and a one-step solution treatment followed by aging.

65 Comparative Examples 4 and 5 each involved beta

preform forging, alpha/beta finish forging and a one-
step alpha/beta solution treatment followed by aging.
Comparative Example 6 involved beta-preform forging,
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beta-finish forging and a one-step alpha/beta solution
treatment followed by aging. Comparative Example 7
involved alpha/beta preform forging, alpha/beta finish
forging and a one-step beta solution treatment followed
by aging.

FI1GS. 1A~C represent 100X magnification photomi-
crographs of a specimen of Example 1. It can be seen
that the material had a microstructure formed of acicu-
lar transformed beta phase (Widmanstatten type) in an
aged beta matrix. Thus, while Comparative Example 7
and Example 1 both show acicular transformed beta in
an aged beta matrix as a microstructure, the formation
of a more stable equilibrium interface structure may
Increase resistance to interface cracking and thus may
be responsible for the difference in fracture toughness
shown between Example 1 and Comparative Example
7.

Example 1 and Comparative Examples 1, 4 and 5
were subjected to fatigue crack growth resistance test-
ing. Example 1 showed the best fatigue crack growth
resistance, and was the only material which showed
fatigue crack growth resistance equivalent to or better
than that of beta-annealed Ti-6A1-4V alloy. Thus, while
several of the comparative examples showed satisfac-
tory results in tensile strength and toughness, only Ex-
ample 1 was satisfactory in fatigue crack growth resis-
tance.

The material of Example 1 was subjected to scanning
electron microscope fractographic observation for the
fractured surfaces. The entire fracture surface was
found to have a rough appearance, particularly the fast
fracture area where a coarse intergranular type of frac-
ture was observed. The fatigue precrack area showed a
relatively flat surface with some dimples and striated
areas. The fatigue crack growth area exhibited a combi-
nation of fine dimples and striations. Upon examination
at higher magnification, the fatigue precrack area exhib-
ited a serrated and striated appearance, with the ser-
rated appearance apparently due to the local orientation
of the acicular transformed beta and the striated appear-
ance due to the stepwise growth of the fatigue crack
front. The fatigue crack growth area exhibited a mixed
dimpled, serrated and striated appearance. The fast
fracture area, which exhibited a flat-faceted appearance
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at the lower magnification, displayed a large number of 45

small dimples at higher magnification. It appeared from
the fractographic observations that the material of Ex-
ample 1, with the acicular transformed beta microstruc-
ture, exhibited extensive secondary cracking along the
grain boundaries and occasionally through the inter-
faces of the acicular transformed beta-aged beta matrix.
The extensive grain boundary cracking and crack
branching result in a high energy requirement for crack
extension, resulting in increased fracture toughness and
fatigue crack growth resistance.

While the present invention has been illustrated by
numerous examples and described in detail above, obvi-
ous variations may occur to one of ordinary skill and
thus the invention is intended to be limited only by the
following claims.

What is claimed is:
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1. A titanium alloy comprising Al, Sn, Zr, Mo, Cr and
S1as alloying agents, having a tensile yield strength of at
least about 135 ksi, an ultimate strength of at least about
150 ksi, a fracture toughness of at least about 70 ksi.in.?
and a fatigue crack growth rate not more than about
2X 10—¢%in./cycle at an applied stress intensity of 20 ksi.
in.? and having a microstructure comprising an acicular
transformed beta phase in an aged beta matrix.

2. The alloy of claim 1, having the following compo-
sition expressed in weight percent: Al-5.25 to 6.25: Sn-
1.75 to 2.25; Zr-1.75 to 2.25; Mo-1.75 to 2.25; Cr-1.75 to
2.25; 81-0.20 to 0.27; Fe-0 to 0.15; O-0 to 0.13; C-0 to
0.04; N-0 to 0.03; H-0 to 0.125; residual elements-0 to
0.10 each, no more than 0.30 total; remainder Ti.

3. A forged part formed of a titanium alloy compris-
ing Al, Sn, Zr, Mo, Cr and Si as alloying agents, having
a tensie yield strength of at least about 135 ksi, an ulti-
mate strength of at least about 150 ksi, a fracture tough-
ness of at least about 70 ksi.in? and a fatigue crack
growth rate not more than about 2 X 10—6in./cycle at an
applied stress intensity of 20 ksi in.%, and having a mi-
crostructure comprising an acicular transformed beta
phase in an aged beta matrix.

4. The part of claim 3, which is formed by a process
comprising alpha/beta preform forging and alpha/beta
finish forging with a total reduction greater than 3:1; a
beta solution treatment step; an alpha/beta stabilization
treatment step; and aging.

3. The part of claim 4, wherein the part is subjected to
cooling between the solution and stabilization treatment
steps.

6. The part of claim §, wherein the solution treatment
1s at a temperature about 30° F. to 75° F. above the beta
transition temperature and the stabilization treatment
step 1S at a temperature about 30° F. to 90° F. below the
beta transition temperature.

1. The part of claim 6, wherein the time at tempera-

“ture in the stabilization treatment step is longer than that

in the solution treatment step.

8. The part of claim 6, wherein the aging step is car-
ried out at about 900° F. to 1100° F.

9. A forged titanium alloy part, the alloy being an
alpha/beta type titanium alloy, produced by a process
which comprises the steps of: alpha/beta preform forg-
ing and alpha/beta finish forging with a total reduction
greater than 3:1; a beta solution treatment step; an al-
pha/beta stabilization treatment step; and aging.

10. A forged part of an alpha/beta titanium alloy,
produced by a process which comprises a beta solution
treatment step, an alpha/beta stabilization treatment
step and aging, wherein each of the solution and stabili-
zation treatments is followed by cooling and the beta
solution treatments puts alpha phase present in the part
into solution, the cooling after the solution treatment
results 1in a widmanstatten transformed beta-type micro-
structure, the stabilization treatment results in a stabi-
lized equilibrium interface structure, the cooling after
the stabilization treatment results in a supersaturation of
alpha stabilizers and the aging produces a fine second

generation alpha phase in a retained beta matrix.
¥ % %k ¥ %k
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